A concept for the efficient generation of surface plasmon polaritons (SPPs) with a duration of very few cycles is presented. The scheme is based on grating coupling and laser pulses with wavefront rotation (WFR), so that the resonance condition for SPP excitation is satisfied only for a time window shorter than the driving pulse. The feasibility and robustness of the technique is investigated by means of simulations with realistic parameters. In optimal conditions, we find that a 29.5 fs pulse with 800 nm wavelength can excite a 3.8 fs SPP (∼ 1.4 laser cycles) with a peak field amplitude 2.7 times the peak value for the laser pulse.
Introduction
Ultrafast plasmonics raised a great interest in the last decades. Ultrashort surface plasmon polaritons (SPPs) can be employed in ultrafast photocathodes 1,2 to study phenomena with short time scale, e.g. the effects of the vibration of a lattice on the electric and thermal transport, 3 molecular chemical processes 4 and the electrons motion in an atom. The possibility to manipulate the SPPs with plasmonic switches and modulators 5 makes them powerful instruments for the next generation of photonic circuits. [6] [7] [8] Moreover, few-cycles SPPs show a strong modulation of the fields oscillation over a laser period. This significant asymmetry and its dependency on the carrier envelope phase (CEP) of the laser pulse is important to measure phase related phenomena as photo-electron emission 9 and for CEP detectors.
10-12 Molecular sensing 13 and spectroscopy techniques based on SPPs, such as SERS 14, 15 have also found widespread diffusion in the material science community. Combined with the SPP potential to concentrate the light beyond the diffraction limit and to increase the energy transfered to a material, the ultrashort duration makes SPPs well suitable for energy concentration 16 also in view of high intensity applications such as generation of short pulses of high-energy electrons 17 and high-order harmonics of the laser light. 18 For such applications a technique to produce SPPs with few cycle duration and high intensity may be useful.
In this paper we present a concept to generate ultrashort SPPs with a duration of less than two laser cycles. The proposed method is based on laser pulses with wavefront rotation (WFR) impinging on a metallic grating. The use of a grating 19 is a well known method to couple an electromagnetic (EM) wave to a SPP. When the plasma frequency of the grating material is much greater than the laser frequency the condition for resonant SPP excitation 20 is satisfied for values θ R of the incidence angle θ which are solutions of the equation
where λ is the laser wavelength, d is the grating pitch and n is an integer number (in the following we restrict to the |n| = 1 case). In a laser pulse with WFR, the resonance condition will be satisfied only for a short time interval since the rotation of the fronts of constant phase is equivalent to a continuous temporal variation of the local angle of incidence. As a consequence, the generation of a SPP with a duration much shorter than the impinging laser pulse is expected.
A pulse with WFR can be generated by focusing a pulse with the wavefronts tilted with respect to the direction of propagation.
21,22
Heuristically, different portions of the laser pulse reach the focus at different times and with different directions of propagation, thus a pulse with wavefronts rotating in time is observed at the focus. The expression of a Gaussian pulse with WFR at focus is (see 23, 24 for a more detailed description):
where ω L is the laser frequency, τ , w 0 , r are respectively the pulse duration, waist and transverse coordinate in the focus, τ i and w i are the duration and the waist before focusing, and η is the pulse front tilt parameter. Notice that the pulse is characterized by spatio-temporal coupling, i.e. in the expression of the EM field the spatial and temporal dependences cannot be separated [E(r, t) = E 0 S(r)T (t)]. The rotation velocity of the phase front is given by
In their experiment, Quéré et al. 21 demonstrated the possibility to control the rotation velocity and obtained a value of v r 14.6 mrad/fs. A maximum achievable value of ∼ 30 mrad/fs was also estimated with their setup, so that a 30 fs laser pulse would span a ∼ 50
• arc. We performed a two-dimensional (2D) simulation campaign to test the effectiveness and robustness of the proposed concept. As it will be shown below, the simulations demonstrate that a SPP as short as 1.4 laser cycles may be generated, with a peak value of the field 2.7 times the value for the driving pulse and an energy conversion efficiency of 5.6%.
Result and Discussion
In the simulations using the MEEP code (see Methods), Silver was selected as the grating material, which is a typical choice in plasmonics. 13, 16, 25, 26 The linear response is described by the dielectric function
with the plasma frequency ω P = 9.6 eV (6.8 × 10 14 s −1 ) and the damping coefficient γ = 0.0228 eV (values from 27 ). The wavelength of the laser pulse was λ = 800 nm (Ti:Sapphire). While we restrict to a single material and a single laser source for simplicity, our concept does not depend on this particular choice.
In Fig.1 a) the basic simulation setup is shown. The laser pulse impinges in the middle of the grating coupler, which is ∼ 25µm wide. On the right side of the target, where the SPP propagates, the surface is flat. Fig.1 b) shows the snapshot of a laser pulse (without WFR) impinging on the grating at the resonant angle. Fig.1 c) shows the excited SPP and the reflected pulse. The energy fluxes of the reflected pulse and SPP are measured through the marked vertical and horizontal lines. The laser focus was at a distance of 15µm from the target.
In order to optimize the coupling efficiency a preliminary study has been performed by varying both the parameters of the laser pulse and of the grating, i.e. the depth and width of the grooves and the profile shape (triangular, rectangular, sinusoidal and saw-tooth like). The efficiency was maximal for a triangular grating having depth h = 140 nm and pitch d = 0.56 µm, corresponding to the resonance angle θ R = −25
• (The negative value of the incidence angle corresponds to the SPP propagating in the opposite direction with respect to k || , the component of the laser pulse wavevector parallel to the surface). The maximum of the coupled energy (i.e. the percentage of the pulse energy transferred to the material) was 61% of that of the laser pulse. The energy transferred to the SPP, measured after ∼ 30 fs from the generation and after a propagation of ∼ 12 µm along the surface, was 38%. The remaining fraction of the coupled energy was either re-emitted during the propagation along the grating region or absorbed in the material. Fig.2 shows a snapshot of the field for the same parameters of Fig.1 but using a pulse with WFR. The rotation of the wavefronts has been set in order to have the central wavefront (i.e. the phase front corresponding to the maximum intensity) impinging at an angle 90
• −θ R on the target, so that the instantaneous angle of incidence has the resonant value at the pulse peak. A SPP shorter than the laser pulse is generated near the peak of the pulse. In coincidence to the SPP excitation, a narrow "hole" is produced in the profile of the reflected pulse corresponding to the transient decrease in the reflectivity of the grating. Fig.3 a) shows the energy flux of the SPPs generated on the grating with pitch d = 0.56 µm (θ R = −25
• ) by a WFR pulse with a duration of ∼ 29.5 fs and a waist size 6λ = 4.8µm. Using a rotation parameter ξ = 0.6, the SPP has a duration of ∼ 3.8 fs, i.e. 1.4 laser cycles at full-width-half-maximum (FWHM). The energy coupling efficiency is 5.6% and the peak amplitude of the SPP field is ∼ 2.7 times the peak amplitude of the laser pulse. The intensity of the ultrashort SPP is also higher (by ∼ 35%) than the intensity of the SPP generated without WFR, which has almost the same duration as the laser pulse. This intensity increase (which will be further discussed below) shows a clear advantage of the WFR approach with respect to the alternative idea of exploiting the laser Figure 2 : EM energy density after the interaction of a WFR pulse with the grating (other pulse parameters are as in Fig.1 . A SPP much shorter than the laser pulse is generated. The reflected pulse profile shows a narrow minimum ("hole") corresponding to the SPP excitation near the pulse peak. The laser pulse had a duration of 29.5 fs, a waist of 4λ and a rotation parameter ξ = 0.2. • and different WFR velocities ξ = 0 (blue curve), ξ = 0.6 (red curve) and ξ = −0.6 (green curve). The laser pulse duration and waist size are ∼ 29.5 fs and 4.8µm, respectively. b) Same as a) but for θ R = 10
• and ξ = 0 (blue curve) and ξ = 0.8 (red curve).
bandwidth to produce a chirped pulse, so that the laser frequency is resonant with that of the SPP only for a portion of the pulse. In this case, the driving pulse is stretched in time and has a lower intensity, resulting in a low efficiency and modest shortening effect as we verified via our simulations.
The duration of the SPP is short enough for the absolute phase of the field oscillation to be important for the SPP characterization. Fig.4 shows the energy flux and the magnetic field as functions of time for the same ultrashort SPP of Fig.3 a) and a SPP generated in identical Fig.3 a) . The SPP generated for φ = 90
• show a significant asymmetry in the waveform.
conditions but for the value of the carrier envelope phase (CEP) φ of the laser pulse, which differs by 90
• . The two values of φ yield a SPP with zero and 11% asymmetry, defined as the relative difference between the absolute values of the maximum and the minumum of the field.
Using extremely high values of ξ is found to affect the envelope of the SPPs. As an example Fig.3 b) shows a case analogous to Fig.3 a) for θ r = 10
• (d = 0.98 µm), in which the effect of ξ = 0.8 is compared to ξ = 0. The SPP shows significant modulations with a central peak having duration of ∼ 3.2 fs (1.2 laser cycles) and energy flux characterized by several secondary peaks with an intensity comparable to that of the main one. Such modulated SPP might not be suitable for all the foreseen applications of ultrashort plasmonics. Notice that the direction of the WFR, i.e the sign of the rotation parameter ξ, is crucial for the ultrashort SPP generation. As also shown in Fig.3 a) , the SPP generated with ξ = −0.6 has a FWHM duration of 39.6 fs, i.e. longer than that of the driving pulse, and a very low intensity. This effect appears to be related to the pulse impinging in different points of the grating because of the WFR. Different "portions" of the pulse propagate in different directions and the focus of the pulse is not exactly on the target surface, thus the incidence point (determined by the position of the maximum of the energy flux on the grating surface) is not fixed but moves in time. Depending on the sign of the rotation velocity, the incidence point can move either in the direction of propagation of the SPP or in the opposite direction. In the first case, the laser pulse "follows" the SPP and can sustain its growth, which produces the observed increase of the peak intensity with respect to the SPP excited without WFR. In order to give a further illustration of the effect of the sign of the rotation velocity, in the Supplementary Material we show simulations for the "resonant" case at normal laser incidence θ = 0
• , corresponding to d = λ. In the case of a pulse without WFR, in this configuration two counter propagating SPPs of same amplitude and duration are excited. When adding WFR, only the SPP which propagates in the same direction as the incidence point is generated with high efficiency.
In order to test the robustness of the proposed technique and to check the sensitivity of the ultrashort SPP to laser and grating characteristics, a parametric study has been performed measuring the duration of the SPP as a function of the rotation velocity ξ for different values of the laser pulse waist and duration and of the grating pitches i.e. of the resonant angle θ R . In these parametric simulations, all parameters but one are identical to the case of the ultrashort SPP with 1.4 cycle duration in Fig.3 and Fig.shortest . Results are summarized in Fig.5 . For small values of ξ, the SPP duration increases with the waist size w 0 (Fig.5 a) . This is due to a geometrical effect, since the time needed to propagate across the lit zone, over which the SPP is excited , is not negligible with respect to the laser pulse duration. However, for the "optimal value" ξ = 0.6 the SPP duration is almost independent on w 0 . Reducing the laser pulse duration also has no effect on the shortest SSP duration (Fig.5 b) . Some dependence on the resonant angle θ R is apparent (Fig.5 c) . The case θ R = 25
• appears to be the most suitable since the shortest SPP duration is obtained for not so "extreme" values of ξ.
Finally, the energy flux of the SPP has been measured as a function of the incidence angle θ, to characterize the width in θ of the SPP resonance. Results are shown in Fig.6 . The resonance is tighter for a pulse with waist w 0 = 6λ (∆θ R 4.7
• ) with respect to a pulse with shorter waist w 0 = 2λ (∆θ R 10.9
• ). This is due to the spread in the wavevector spectrum for a focused pulse, which is of the order of λ/w 0 . The pulse bandwidth also contributes to the resonance width because of the relation between θ R and λ. As also shown in Fig.6 , the reference pulse of ∼ 29.5 fs duration and bandwidth of ∼ 23 THz leads to a tighter resonance than using a pulse of 6.0 fs duration and ∼ 105 THz bandwidth, for which ∆θ R 12.5
• .
Conclusion
A proposal for the generation of ultrashort surface plasmon polaritons (SPPs) by laser pulses with wavefront rotation (WFR) has been investigated via simulations with realistic parameters. Results show that the duration of a SPP can be controlled with the rotation velocity and a SPP of ∼ 3.8 fs duration, corresponding to 1.4 optical cycles of the 800 nm driving laser, can be generated with high amplitude (∼ 2.7 times the laser field) and coupling efficiency (< 5%). The SPP is so short that carrier-envelope phase effects become important. The experimental realization appears to be straightforward, as it could employ already tested schemes for WFR 21 and characterize the SPP duration via, e.g., attosecond photoscopy. 28 The few-cycle, high intensity SPPs may find wide application in ultrafast plasmonics, such as for e.g. ultra-fast surface enhanced Raman spectroscopy 15 or plasmonic circuitry.
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Methods
The simulation campaign was performed with a finite difference time domain code, MEEP.
29
The expression for the WFR laser pulse in the Figure 6: SPP's energy flux peak as a function of the incidence angle for a pulse with waist 2λ and 6λ with a duration of 29.5 fs and for a pulse with waist 6λ and a duration of 6.0 fs. The simulations were performed with a grating having a pitch d = 0.98 µm, corresponding to a resonance angle of ∼ 10
focus was:
where ξ = 4 w i η w 0 τ f τ i is the rotation parameter.
E G (r, z, t) is the expression that describes the spatial profile of a 2D Gaussian pulse: 
where z and r represent respectively the longitudinal and transverse coordinates, w 0 and τ are the pulse waist and duration and z R is the Rayleigh length. ψ(z), R(z) and w(z) are the Gouy phase, the radius of curvature of the wavefronts and the diameter of the pulse:
φ(z) = arctan z z R .
The rotation velocity was controlled varying the rotation parameter ξ. The wavefronts rotate in time with a rotation velocity v r determined by v r (ξ) 37.7ξ mrad/fs, so that the maximum value estimated by Quéré 21 correspond to ξ 0.8 in our simulations. The box size was 40 × 30 µm with a resolution of 10 nm.
